Nucleosomes are the smallest structural unit of chromatin, composed of 147 base pairs of DNA wrapped around an octamer of histone proteins. Histone function is mediated by extensive post-translational modification by a myriad of nuclear proteins. These modifications are critical for nuclear integrity as they regulate chromatin structure and recruit enzymes involved in gene regulation, DNA repair and chromosome condensation. Even though a large part of the scientific community adopts antibody-based techniques to characterize histone PTM abundance, these approaches are low throughput and biased against hypermodified proteins, as the epitope might be obstructed by nearby modifications. This protocol describes the use of nano liquid chromatography (nLC) and mass spectrometry (MS) for accurate quantification of histone modifications. This method is designed to characterize a large variety of histone PTMs and the relative abundance of several histone variants within single analyses. In this protocol, histones are derivatized with propionic anhydride followed by digestion with trypsin to generate peptides of 5 -20 aa in length. After digestion, the newly exposed N-termini of the histone peptides are derivatized to improve chromatographic retention during nLC-MS. This method allows for the relative quantification of histone PTMs spanning four orders of magnitude.
Introduction
Epigenetics is defined as the study of heritable changes in gene expression that arise by mechanisms other than altering the underlying DNA sequence 1 . Epigenetic regulation is critical during development as the organism undergoes dramatic phenotypic changes even though its DNA content does not change. There are several critical components required for proper epigenetic maintenance, including histone post-translational modifications (PTMs), histone variants, non-coding RNAs, DNA methylation and DNA binding factors, each of which affect gene expression through different mechanisms 2 . For example, while DNA methylation is a highly stable modification that represses gene translation 3 , histone variants and histone PTMs are much more dynamic and can influence chromatin in a variety of ways 4 .
Histone PTMs are mostly localized on the N-terminal tails, as they are the most exposed and flexible region of the protein. However, the nucleosome core is also heavily modified compared to average proteins 5 . Even though histone marks have been extensively characterized in the last decade, many links between known histone marks and their function are still unclear. This is largely due to the fact that most histone PTMs do not work alone, but rather function in tandem with other PTMs ("cross-talk") to alter a specific process such as transcription 6, 7 . For instance, the combinatorial mark H3S10K14ac on the gene p21 activates its transcription, which would not occur with only one of the two PTMs 8 . The protein HP1 compacts chromatin by recognizing H3K9me2/me3 and spreading the modification to nearby nucleosomes. However, HP1 cannot bind H3K9me2/3 when the adjacent S10 is phosphorylated 9 . Acetylation of H3K4 inhibits binding of the protein spChp1 to H3K9me2/ me3 in Schizosaccharomyces pombe 10 . Furthermore, the histone lysine demethylase PHF8 has the highest nucleosome binding efficiency when three PTMs H3K4me3, K9ac, and K14ac are present 11 . These examples highlight the importance of achieving a global overview of histone PTM changes rather than focusing on single modifications.
The presence of sequence variants also increases the complexity of histone analysis, as histone isotypes generally have highly similar sequences, but often have different roles in chromatin. For example, H2A.x has a C-terminal sequence which is more easily phosphorylated upon DNA damage compared to canonical H2A 12 , and it is required for inactivation of sex chromosomes in male mouse meiosis 13 ; similarly, CENP-A substitutes canonical histone H3 in centromeres
Extraction and Purification of Histones from Nuclei
Note: Histones are very rich in basic amino acid residues, allowing them to tightly interact with the phosphoric acid backbone of DNA. Histones are among the most basic proteins in the nucleus, thus allowing them to be extracted in ice-cold sulfuric acid (0.2 M H 2 SO 4 ) with minimal contamination from non-histone proteins, which precipitate in strong acid. Highly concentrated TCA (to a final concentration of 33%) can then be used to precipitate histones from the sulfuric acid. TCA is stored as 100% in brown bottle at 4 °C. order to obtain a final TCA concentration of 33%. Mix by inverting the tube a few times. Note: The samples will turn cloudy on addition of TCA, indicating the presence of histones. 7. Incubate the mixture on ice for at least 1 hr. For smaller starting pellet sizes, overnight precipitation is recommended. 8. Centrifuge at 3,400 rcf for 5 min. The histones coat the sides of the tubes and also deposit at the bottom. A white insoluble pellet also forms at the very bottom of the tube, which mostly contains non-histone proteins and other biomolecules. Remove supernatant by aspiration, carefully without scraping the sides or the pellet. 9. By using a glass Pasteur pipette, rinse the tube with ice-cold acetone + 0.1% HCl ( Table 1 ) so as to cover the precipitated proteins coating the sides and bottom. 10. Centrifuge at 3,400 rcf for 2 min and aspirate supernatant, carefully without scraping the sides or the pellet. 11. Repeat Steps 3.9 -3.10 using 100% ice-cold acetone. 12. Dry pellet with air flow or with a vacuum centrifuge, or just by leaving the tube open. Acetone evaporates quickly. 13. Dissolve the histones with ddH 2 O (double distilled water) in minimum volume possible to dissolve the white layer completely. Histones are readily soluble in water. For pellets in a 1.5 ml microcentrifuge tube, 100 µl ddH 2 O is usually enough to collect histones. 14. Centrifuge at 3,400 rcf for 2 min and transfer the supernatant to a new tube.
Estimation of Protein Concentration and Purity
1. For measuring protein concentration, use BCA, Bradford protein assay or amino acid analysis (AAA). Do not use techniques that adopt absorbance at 280 nm, as histones are poor in aromatic amino acid residues. 2. Verify the purity of extracted histones by SDS-PAGE analysis with a 15% acrylamide gel and Coomassie staining (optional). 3. If high purity single histone variants are desired, continue to HPLC-UV fractionation of histone variants (section 5). If not, skip directly to sample preparation for bottom-up histone PTM analysis (section 6).
Separation of Histone Variants by Reversed-phase HPLC (Optional)
Note: High purity histone variants can be obtained by fractionating the crude histone mixture using reversed-phase HPLC coupled to a UV detector. These purified histones are useful for studies that require higher sensitivity and purity. However, for standard histone PTM characterization, this step can be skipped because the analysis is sufficiently sensitive and exhaustive. Fractionation of intact histone variants ideally requires at least 100 -300 µg of starting material. 
Chemical Derivatization of Histones Using Propionic Anhydride for Bottom-up Analysis

Proteolytic Digestion with Trypsin
1. Resuspend histones in 50 mM NH 4 HCO 3 to achieve an optimal concentration of 1 μg/μl or higher. More diluted samples lead to lower trypsin efficiency. Note: The histones at this step need to be at pH 8.0 If it still acidic, then add NH 4 HCO 3 salt to sample by using pipet tip. 2. Add trypsin to histone samples at a 1:10 ratio (wt/wt). 3. Incubate at 37 °C for 6 -8 hr. 4. Stop the digestion by freezing in -80 °C. 5. Dry down the sample to 10 -20 µl in a vacuum concentrator.
Note: Interim stopping point: Sample can be stored at -80 °C.
Propionylation of Histone Peptides at N-termini
Note: This section describes the derivatization of peptide N-termini generated from the trypsin digest. Such procedure improves HPLC retention of the shortest peptides (e.g., amino acid 3 -8 of histone H3), as the propionyl group increases peptide hydrophobicity. 
Sample Desalting with Stage-tips
Note: At this stage, there is salt present in the sample. Salts impede HPLC-MS analysis because they ionize during electrospray, suppressing the signal from peptides. Salts can also form ionic adducts on peptides, reducing the signal intensity for the non-adducted peptide. As the adducted peptide will have a different mass, the peptide will not be properly identified or quantified.
1. By using a P1000 pipette tip, punch a disk of C 18 material from a solid phase extraction disk. Push the minidisk out of the P1000 tip by using a fused silica capillary and deposit the minidisk to the bottom of a P100 / 200 pipette tip. Ensure that the disk is securely wedged at the bottom of the tip (Figure 3) . Note: The P1000 tip has a rather small hole to punch the C 18 disk. It is appropriate to cut the last centimeter of the tip in order to have a hole with larger diameter. 2. Use two C 18 punches in the same P100/P200 tip if desalting over 25 µg of sample. 3. Use a centrifuge adaptor to hold stage-tips in place in 1.5 ml or 2 ml microcentrifuge tubes. Use slow (300 -400 rcf) rotation; the solvents normally pass through the resin in less than a minute.
duty cycle allows one full MS scan every ~ 2 sec, in order to have enough data points to across the chromatographic peak, which enables more accurate quantification. Note: With C 18 chromatography, the average baseline peak width is about 30 sec for the gradient described above. 4 . Load approximately 1 µg of sample onto the HPLC column.
Run the HPLC-MS/MS method as programmed.
Note: In the protocol we do not recommend specifics of columns, MS instruments or MS parameter details, as any optimal setup that an individual proteomics lab developed will be suitable for the method. Proteomics laboratories should use their optimized setup, since histone peptides separate as traditional peptides.
Data Analysis
1. Import the MS raw files into software to perform peak area integration. Note: EpiProfile 22 is recommended, as it is optimized for histone peptides; by using the retention time knowledge of chromatographic elution it performs reliable peak area extraction of known histone peptides. Alternatively, Skyline 23 is another ideal software for the purpose.
1. Calculate the relative abundance of a given peptide by dividing its area by the total area of that peptide in all of its modified forms. Note: In case of discovery analysis Mascot is recommended to identify spectra of modified histone peptides. The performance of this tool has been described recently 24 . All other database search engines for proteomics are also usable, but upon our tests they provided lower performance.
Representative Results
As an example, we analyzed histones extracted from human embryonic stem cells (hESCs) with and without retinoic acid (RA) stimulation, starting with 200 µl cell pellets. Presence of RA in cell culture leads to ESC differentiation. From the cell pellet, about 50 -100 µg of histones were extracted, which is more than sufficient to perform multiple LC-MS injections of histone peptides. After derivatization, digestion, and desalting, the samples were loaded onto a 75 µm x 15 cm C 18 column (particle diameter 3 µm, pore size 300 Å) in serial mode with a highperformance liquid nano chromatography system with microfluidic chips coupled to a hybrid linear trap quadrupole -orbitrap mass spectrometer. MS acquisition was performed using DIA. In parallel, samples were also analyzed with a DDA method using a nano-flow UHPLC coupled to a hybrid ion trap-orbitrap mass spectrometer (data not shown). In each cycle, one full MS orbitrap detection was performed with the scan range of 290 to 1,400 m/z, a resolution of 60,000 (at 200 m/z) and AGC of 10 6 . Then, data dependent acquisition mode was applied with a dynamic exclusion of 30 sec. MS/MS scans were followed on parent ions from the most intense ones. Ions with a charge state of one were excluded from MS/MS. An isolation window of 2 m/z was used. Ions were fragmented using collision induced dissociation (CID) with collision energy of 35%. Ion trap detection was used with normal scan range mode and normal scan rate with AGC of 10 4 .
Raw MS data were analyzed adopting software for the extraction of precursor and fragment ion chromatograms, namely Skyline 23 and EpiProfile 22 . EpiProfile has been optimized for histone peptides, as it integrates intelligent peak area extraction due to previous knowledge of peptide retention time. On the other hand, Skyline is optimized for DIA analyses, and thus the DIA figures displayed (Figures 4 and 5A) are screenshots from this software. From the extracted ion chromatogram, the area under the curve is retrieved, and this is used to estimate the abundance of each peptide. The area of the chromatographic peak was calculated for the [ 
Discussion
The protocol described here is optimized considering costs, time, and performance. Other preparations are possible, but they have limitations, especially in the case of coupling with MS analysis. For instance, the high-salt extraction protocol can be used to purify histones 26 instead of TCA precipitation (section 3). High-salt protocol is intrinsically milder, as it does not use strong acid. This preserves acid-labile PTMs and increases the yield of extracted histones, as TCA precipitation co-precipitates many other chromatin binding proteins. However, high-salt extraction leads to samples containing too concentrated salt for HPLC-MS/MS. In an alternative preparation, histone digestion can be performed without propionylation (section 6 -8), for instance by reducing trypsin incubation time and the enzyme/substrate ratio 27 or using ArgC as digestion enzyme [28] [29] [30] . However, derivatization with propionic anhydride is recommended, as it leads to the generation of more hydrophobic peptides, which are better retained during liquid chromatography.
For chemical derivatization, a variety of organic acid anhydrides have been evaluated and their merits comprehensively discussed 18 . Nonetheless, propionic anhydride proved to the best compromise between efficiency, minimized side products and improved peptide hydrophobicity. Potentially, propionic anhydride can be purchased in the isotopically labeled form; this allows for multiplexing analysis due to the possibility of mixing multiple samples and discriminate them at the MS level based on the different masses imparted from the heavy label. However, this analysis leads to an increased complexity of the LC-MS chromatogram and reduces the amount of sample that can be injected for each single condition.
In this regard, some critical aspects of the protocol should be highlighted. The following should be used as checklist to find errors in performing the procedure in case negative results are obtained. First, after nuclei precipitation the pellet should be carefully washed with NIB without NP-40 Alternative (section 2.10) until complete removal of the detergent (noticeable by the lack of bubbles during mixing). Failing to do so would compromise histone extraction with acids. Second, after histone precipitation with TCA (section 3.9) washes of the pellet with acetone is crucial. Presence of concentrated acid would harm the following step if propionylation and digestion (section 6.1) are directly performed. It would be not problematic in case histone fractionation is performed (section 5). Third, it is essential that the propionylation reaction is performed quickly (section 6.3 -6.7). To do so, avoid using the same propionylation mix (propionic anhydride + acetonitrile) for more than 3 -4 consecutive samples. Additionally, pH is the most important aspect of trypsin digestion (section 7). If not around 8.0 (7.5 -8.5) the digestion will be ineffective. This can happen, as the sample will be rich in propionic acid at this step. NH 4 OH can be added until necessary. Also, for researchers familiar with proteomics workflows it will feel normal to acidify the sample to terminate trypsin digestion. This should not be done, as it will jeopardize the following reaction, i.e., propionylation of peptide N-termini (section 8.1). Finally, in the same issue, it is important to remember for data analysis that unmodified peptides are not actually unmodified; all free lysine residues and N-termini will be occupied by propionylation (56.026 Da). Thus, performing extracting ion chromatography of the mass corresponding uniquely to the peptide sequence would lead to no results.
The limitations of the method are mostly related to the inability of detecting combinatorial PTMs, due to the short peptide sequences, and the biases in achieving the true abundance of a modification, due to the fact that peptides in different modified forms might ionize with different efficiencies. The first issue can be solved by combining this technique with a middle-down or top-down approach (reviewed in 16 ). This type of analysis, even if technically more challenging, is ideal for studying co-existence frequencies of modifications. Moreover, it allows better discrimination of histone variants, which cannot always be achieved with bottom-up since some peptides have the same sequence in different histone variants. The second issue, related to the ionization efficiency, can be solved using a library of synthetic peptides 31 . This approach ensures a more accurate estimation of the relative abundance of histone PTMs. However, in most experiments, the desired outcome is the relative changes of given modifications between analyzed conditions. In this case, such correction is not necessary, due to the fact that all samples have the same bias.
In conclusion, this protocol allows for the analysis of histone PTMs that can be completed in 3 days using nLC coupled to tandem MS. Comparisons with techniques other than MS, i.e., using antibody based strategies as discussed in the Introduction, are not suitable, as they cannot achieve even nearly this level of throughput. In addition, antibody based techniques do not allow for the discovery of novel modifications, but they are exclusively based on confirming and quantifying predicted marks. We thus speculate that bottom-up proteomics on histone peptides will gain popularity in proteomics laboratories due to the intuitive advantages in knowing the regulation of histone marks, which are protagonists in tuning gene expression and thus affect the regulation of the proteome. Moreover, the protocol described includes recent improvements in
